INTRODUCTION
Protein localization has been the subject of extensive research using models ranging from bacteria to mammalian cells. The central question which prokaryotic-and eukaryotic-cell biologists have attempted to answer is how proteins synthesized in the cytoplasmic compartment traverse the hydrophobic membrane barrier or become integrated into it. This work has led to the identification of targeting signals within secreted proteins and of a secretion machinery (49, 56) .
The release of proteins from gram-negative bacteria has recently been recognized as an important biological process which is particularly common among human and plant pathogens. The export pathway of a protein destined to be released from a cell starts in the cytoplasmic compartment and crosses the inner membrane, periplasm, and outer membrane. Because all of these compartments contain a normal array of compartment-specific proteins, correct sorting is of utmost importance. This not only assures that the exported proteins are targeted to the extracellular space but also prevents their retention in any one of the compartments of the cell envelope.
One significant finding to have emerged from approximately two decades of study of bacterial protein export is the surprising uniformity in the overall secretion mechanisms for both membrane and periplasmic proteins. In contrast, the mechanisms that are responsible for extracellular protein localization in gram-negative bacteria are much more diverse. This review summarizes the recent advances in understanding the process of extracellular localization of proteins by gram-negative bacteria. The key features of the extracellular protein secretion pathways discussed here are summarized in Table 1 . The major emphasis will be on mechanisms that lead to export of soluble enzymes from bacteria without affecting the integrity of the cell envelope. Several reviews on extracellular protein secretion have appeared in recent years (19, 20, 46, 53) , wherein the reader may find a more detailed discussion of export systems not covered here.
EXTRACELLULAR SECRETION OF PROTEINS
SYNTHESIZED WITH SIGNAL SEQUENCES The N-terminal signal sequences found in precursors of proteins destined for extracellular localization resemble those of membrane and periplasmic proteins. Release of such proteins from the gram-negative bacterium has been assumed to proceed via a two-stage process. In the first stage, the N-terminal signal sequence is thought to direct the proteins into the maJor secretion pathway, where they insert into or are secreted across the inner membrane by their interaction with the products of the sec (prl) genes. The signal peptide is then cleaved off by the leader peptidase. Direct proof of the involvement of the general secretion machinery in this first stage of extracellular protein secretion, however, is lacking, since sec (prl) mutants of only a few bacteria other than Escherichia coli have been isolated.
In the second stage of the export process, the protein is released from the cell. This either is self-promoted or requires participation of an apparatus of extracellular secretion.
The specializing sorting process needed for extracellular protein secretion relies on the recognition of information encoded within the exported polypeptide. This encoded information is absent from proteins that remain in the cytoplasm. Extracellularly secreted proteins which enter the export pathway via their signal sequences contain additional determinants that assure their external localization. There are no obvious differences in signal sequences on the amino termini of precursors of extracellularly secreted proteins, which might differentiate them from those that remain in the periplasm or the outer membrane. Therefore, determinants of extracellular localization must be part of the mature polypeptide. They can, however, be located in any part of the polypeptide chain.
Self-promoted extracellular secretion: immunoglobulin A protease family. Several bacterial proteases, such as those made by gram-negative pathogenic species of Neisseria, Haemophilus, and Serratia, are exported from the cell via a mechanism which appears to be self-promoted and does not involve a specialized machinery for extracellular secretion. The Neisseria gonorrhoeae immunoglobulin A protease and the serine protease of Serratia marcescens are synthesized as large precursors in which the domain that will become the mature enzyme is flanked by a typical secretion signal sequence at the amino terminus and a large helper domain at the carboxy terminus (44, 57) . Both of these regions participate in the export process. The signal sequence is responsible for interacting with the normal secretion apparatus of the cell and for traversal across the inner membrane, while the C-terminal peptide directs the protease across the outer membrane, where it remains embedded via the same C-terminal peptide (44) . The enzyme is then released from the bacterial cell by autocatalytic proteolysis, leaving the helper peptide embedded in the outer membrane.
The role of the C-terminal helper peptide in facilitating the extracellular secretion of the catalytic portion of the proteases is not known. The C-terminal domain, when fused to passenger proteins, can promote their transit across the outer membrane, leading to surface exposure (27) . These studies were carried out by using a bacterial species (E. coli) which would not normally release the passenger protein into the surrounding medium. This result therefore suggests that the C-terminal transit peptide either actively participates in the extracellular secretion process or serves as a signal for cellular machinery found in most bacteria. A wide range of proteins could be exported by this mechanism, provided that they reach the outer surface in a form which allows their release by the severing of the membrane-associated anchor from the exposed portion of the protein. If the extracellularly secreted protein is a protease, the enzyme may mediate its own release. However, the release need not be autocatalytic, since forms of the Serratia serine protease that are mutant in the catalytic site of the enzyme can be efficiently released from E. coli. The cleavage of the C-terminal peptide at an alternative site is presumably carried out by another enzyme (37) .
A potential variant of the mechanism exemplified by the Neisseria and Serratia proteases has been found in Pseudomonas solanacearum; in this mechanism, an extracellular endoglucanase is extracellularly secreted in a two-step process. A precursor form of this enzyme is acylated, its signal sequence is removed, and it is transported to the surface. There it remains bound via the outer-membrane-associated lipid anchor. The release of the enzyme from the cell results from proteolytic cleavage at a site between the mature endoglucanase and a short peptide which contains the lipid anchor (23) . Proteases capable of releasing surface-exposed proteins may be quite prevalent.
Multisubunit toxins. A number of multisubunit bacterial toxins, such as cholera toxin and pertussis toxin, are actively exported from their respective gram-negative cells. The compositions of the holotoxins vary: cholera toxin consists of one A subunit and five identical B subunits (10), while pertussis toxin is composed of six subunits, five of which are nonidentical (52) . The subunits for cholera and pertussis toxins are synthesized with normal secretion signal sequences. Release from the cell is preceded by assembly of the subunits into the holotoxin in the periplasm (17) . The subsequent translocation of the toxin across the outer membrane is directed entirely by the assembled B oligomers, since mutants unable to synthesize A subunits release substantial amounts of the B oligomers, while in the absence of functional B subunits, there is no detectable export of the A subunits (2, 18, 43) . The release of the holotoxin, or of the B oligomers alone, is not self-promoted, and it very likely requires some cell machinery.
Evidence for involvement of a cell-specified apparatus is based on studies of two closely related enterotoxins that differ in their localization, depending on the bacterium producing them. The E. coli heat-labile enterotoxin is secreted into the periplasm, while the highly homologous cholera toxin is released into the surrounding media by Vibrio cholerae. When cholera toxin genes are expressed in E. coli, the toxin is efficiently assembled but remains within the periplasm (42) . In contrast, the introduction of E. coli heat-labile enterotoxin genes into V. cholerae leads to their efficient export into the medium, suggesting that E. coli does not have the required machinery of extracellular secretion for these toxins (18, 38) . Evidence that such machinery exists has been provided by the isolation of export-defective mutants of V. cholerae (21), although they remain uncharacterized.
Pullulanase family. One of the earliest described proteins exported from a gram-negative bacterium was an extracellular lipoprotein, pullulanase, produced by Klebsiella oxytoca (46) . This protein is acylated and transferred across the outer membrane, where it is anchored via the fatty acids attached to the N-terminal cysteine of the mature polypeptide. Following this surface exposure, a substantial fraction of the enzyme is released from the cell as a multimeric complex. E. coli carrying clones of the pullulanase gene could extracellularly secrete the enzyme, provided that additional genes flanking the pullulanase structural gene were coexpressed. This led to the subsequent identification of a cluster of 12 genes, all necessary for complete export of pullulanase. Recent studies have shown that a similar apparatus of extracellular secretion is present in a wide variety of gram-negative bacteria which actively export proteins, including Pseudomonas aernginosa, Erwinia chrysanthemi, and Xanthomonas campestris (3, 7, 9, 15, 40, 41) . None of the proteins released by bacteria other than K oxytoca are lipoproteins; therefore, a surface-exposed intermediate may be unique to pullulanase.
Most of the genes encoding the proteins of the extracellular secretion apparatus of K oxytoca have been sequenced, their products have been identified, and their localization in the cytoplasm or cell envelope has been determined. Four of these proteins, PulG, PulH, PulI, and PulJ, share significant homology, at their amino termini, with type IV pilins (40) . The product of the last gene of the pul operon, pulO, is homologous with PilD (3, 40, 48) , a protein required for the biogenesis of type IV pili in P. aeruginosa (39) . PilD is an endopeptidase responsible for cleaving the leader sequence from precursors of type IV pilin subunits (40) . The absence of functional PilD not only results in a block in processing of prepilin and failure of bacteria to assemble pili but also leads to a pleiotropic defect in extracellular protein secretion. A in addition to prepilin, one or several components of the extracellular secretion machinery also require processing by PilD (51) . Genes for four proteins, PddA, PddB, PddC, and PddD, involved in the extracellular secretion of several enzymes from P. aeruginosa have been recently identified, and PddC was shown to be processed by PilD (41) . Not surprisingly, PddA, -B, -C, and -D are homologs of PulG, -H, -I, and -J. Amino-terminal cleavage of the leader sequence from the precursor of PulG by PulO has also been confirmed (47) . Other homologs of type IV pilins involved in extracellular secretion of enzymes from E. chrysanthemi and X. campestris have also recently been described (7, 15 mammalian prochymosin (25) . In each case, only a fraction of hybrid protein synthesized was released from E. coli; however, the observed extracellular secretion was always dependent on the presence of the HlyB-HlyD translocator proteins. Similarly, deletion and deletion-fusion analysis of the E. chrysanthemi metalloprotease B has identified a 40-amino-acid C-terminal region which functions as a signal for extracellular secretion (6) . In addition, this same localization signal was also somewhat inefficiently recognized by the hemolysin export determinants HlyB and HlyD in E. coli. The overall features of targeting signals appear to be conserved, allowing secretion of many extracellular proteins by heterologous translocation machinery (30, 33) . Recognition of heterologous export signals is somewhat surprising, given the lack of sequence similarities at the extreme C termini of any of these proteins (50) . Extensive mutational analysis of the C-terminal region of the E. coli hemolysin has confirmed the role of a specific 48-amino-acid region as the targeting signal for the extracellular secretion of this protein (50) . These amino acids are arranged in a structural motif consisting of an amphipathic helix containing two clusters of charged residues, followed by a brief stretch of uncharged amino acids and terminating at the extreme C terminus with eight amino acids that are greatly (>50%) enriched for the hydroxylated amino acids serine and threonine. Examination of the secondary structure of the C-terminal region in a number of proteins which are exported by a machinery analogous to the hemolysin export functions reveals the presence of a potential amphipathic domain in regions previously implicated in extracellular secretion. This region may serve as a signal to the translocation apparatus HlyB-HlyD. Alternatively, the amphipathic character of the signal may allow spontaneous insertion of the protein into the inner membrane in an orientation which allows HlyB-HlyD to continue the translocation of the remainder of the polypeptide chain across the inner and outer membranes.
Virulence plasmid-encoded Yops. Pathogenic species of Yersinia express a number of virulence plasmid-encoded proteins termed Yops (Yersinia outer membrane proteins). Recently, a number of the Yops have been shown to be exported into the surrounding medium (36) . When the deduced amino acid sequences for the yop genes and primary Yop protein sequence were compared, it was found that these Yops lack N-terminal signal sequences and are released by Yersinia enterocolitica without N-terminal processing. Mutations in at least one region of the virulence plasmid (the virC locus) block extracellular secretion of Yops. The virC locus contains 13 open reading frames, one of which, yscC, encodes a protein sharing limited homology with PulD, a protein required for export of pullulanase from K oxytoca (35) . No sequence similarity between any of the other proteins encoded in the virC locus and members of the pullulanase or of the hemolysin family of translocators has been found. Therefore, the mechanism of extracellular secretion of the Yops may be the prototype of a novel export mechanism involving proteins without classical signal sequences. The pathway allowing extracellular secretion of a protein from a gram-negative bacterium has to lead through three distinct compartments (inner membrane, periplasm, and outer membrane) that separate the cytoplasm, the site of synthesis, from the cell exterior. Demonstration of a pathway by pulse-labeling of proteins and cellular fractionation during the chase has been very difficult for most proteins that are exported from a bacterial cell. This includes proteins which utilize the normal secretion pathway during the initial stages of interactions with the inner membrane. Membrane perturbation can lead to outer membrane localization of some extracellularly secreted proteins (31) , suggesting that the extracellular secretion machinery is located at sites of adhesion between the inner and outer membranes, where the two membranes may be contiguous. These adhesion zones, first demonstrated by Bayer (4), not only may allow transfer of newly synthesized proteins from the cytoplasm to the exterior, bypassing the periplasm, but also may permit direct channeling of cytoplasmic energy into the extracellular secretion process.
Some proteins enter the periplasm as part of their normal extracellular secretion pathway. These include the V. cholerae enterotoxin (17) , the Aeromonas hydrophila aerolysin (22) , and the P. aeruginosa elastase (26) . While these proteins, and perhaps all extracellularly secreted proteins, may at one time pass through the periplasm, the Bayer junctions might still function in sorting polypeptides, especially if some of the components of the extracellular secretion machinery are assembled in these adhesion zones. This mechanism would have the ability to distinguish between differentially compartmentalized proteins, whether they enter the export pathway from the cytoplasm, the inner membrane, or the periplasm, always leading to correct localization of extracellular proteins.
In the absence of direct evidence that Bayer junctions participate in protein export, it is still a formal possibility that extracellular secretion occurs by a two-step mechanism, wherein the newly synthesized proteins are first secreted into the periplasm and then translocated across the outer membrane. This model has been supported not only by demonstrating that periplasmic pools exist for several of the above-mentioned extracellularly secreted proteins but also by showing periplasmic accumulation of exported enzymes in strains that carry mutations in components of the extracellular secretion machinery (22, 51) . In fact, some of these proteins have assumed the native, fully folded conformation, including the correct formation of intrachain disulfide bonds. Translocation of such proteins from the periplasm across the outer membrane would necessitate significant rearrangement of their structure during passage through an outer membrane channel. Following translocation, the proteins would have to refold into their native conformation. Alternatively, if folded polypeptides were released from the periplasm, this process would then require the presence of pores in the outer membrane. Such pores would have to allow unidirectional transit of a broad class of extracellularly secreted proteins, without concomitant release of the periplasmic contents. Such selective gates have not been demonstrated for any gram-negative outer membrane. CONCLUSION A great deal of progress has been made during the past 5 years in defining components of the extracellular protein secretion machinery in gram-negative bacteria. Our understanding of precisely how these components act together in extracellular secretion, however, remains rather limited. It is apparent that there are diverse pathways employed by gram-negative bacteria to export polypeptides from the cell, and this review has focused on the better-characterized pathways shared by a variety of gram-negative microorganisms.
There are striking sequence similarities among some of the proteins involved in membrane translocation of a variety of unrelated substrates. The family of proteins related to the E. coli hemolysin transporter HlyB has members in both eukaryotic and prokaryotic cells (16) . This protein family functions in the import as well as the export of a wide range of substrates. Similarly, several components analogous to those of the pullulanase transport machinery mediate export of proteins and assembly of pili in gram-negative bacteria, as well as the uptake of DNA in gram-positive bacteria (1) . Understanding of the basic mechanisms by which proteins are released from gram-negative bacteria may provide greater insight into the principles of molecular trafficking shared by both prokaryotic and eukaryotic cells.
